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ABSTRACT: The viscosity behavior of various composi-
tions of polymer electrolyte membrane solutions, which
are later hydrolyzed into proton conducting membrane
film for fuel cells, is characterized. Using the Carreau-
Yasuda model and time–temperature superposition, an
empirical model relating the viscosity as a function of tem-
perature and shear strain rate has been developed for sev-

eral membrane solution compositions. It is observed that
the viscosity of the non-Newtonian membrane has a strong
correlation to the membrane’s inherent viscosity (a property
determined during membrane synthesis). VVC 2008 Wiley
Periodicals, Inc. J Appl Polym Sci 111: 1286–1292, 2009
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INTRODUCTION

In response to a looming energy crisis, researchers
have pursued numerous strategies to develop reli-
able alternative energy techniques, such as fuel cells.
Of particular interest are high-temperature polymer
electrolyte membrane (PEM) fuel cells. Novel classes
of high-temperature PEMs are being developed
around the world including: Sandia Polymer Electro-
lyte Alternative, which operates at temperatures up
to 140�C1; organically modified silicates, developed
by the National Aeronautics and Space Administra-
tion, which have shown good proton conductivity at
temperature up to 120�C2; commercial polyether-
etherketone has been sulfonated and reacted with
SiCl4 to form a hybrid polymer which has shown
high conductivity for PEMs3 at the University of
Provence, France; diamine bearing sulfophenyl
pendant groups of 2,20-(4-sulfophenyl) benzidine
have been synthesized successfully exhibiting rea-
sonably high conductivity for low temperature PEM
fuel cell applications4; and membranes consisting of
polybenzimidazole (PBI)5 doped with polyphos-
phoric acid (PPA),6,7 which operate at temperatures
above 120�C and have shown good conductivity and
stability. Furthermore, extensive research has been

conducted to develop PEM with increased perform-
ance, longevity, and durability.6,8–16 A major issue
with polymer solutions in general, and the new
classes of PEM formulations is that synthesis is not
trivial, as slight variations in chemical composition
can have a significant impact on the membrane’s
physical and mechanical properties.6 It has been
shown that the mechanical strength of polymer elec-
trolyte films vary widely depending on the solute
content.17 In addition to conducting protons, the
PEM acts also as a gas separation barrier for the
hydrogen and oxygen. It has been shown that for
the formation of thin porous membrane film a broad
molar mass distribution is most favorable.18 Further-
more, it has been shown that the rheological proper-
ties of hollow fiber membranes influence the
membrane performance for capturing CO2.

19

Characterization of the rheological behavior of
new classes of PEMs is typically conducted before
membrane manufacturing, such that an appropriate
process can be developed based on the flow behav-
ior of the solution. This important step is typically
not conducted during the development/synthesis
stage of the membrane solution, but is an after-
thought, handled at the manufacturing stage.20,21

The flow behavior of the fluid as a function of tem-
perature and shear strain rate is critical for manufac-
turing purposes, because this parameter controls the
thickness and distributed uniformity of the fluid as
it is cast onto a substrate. In particular, knowing the
rheological properties (especially viscosity) allows
for development of membrane production system
capable of handling variations in PEM compositions,
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which the authors believe is important, due to the
myriad of compositions of membrane solutions cur-
rently being developed for the fledgling fuel cell
industry. The PEM solution of particular interest in
this article arguably is a worst case scenario in terms
of handling and processing, in that it is highly corro-
sive, viscous with high temperature- and strain-rate
dependency, tacky, and susceptible to the environ-
ment.7,20 Thus, from a process development stand-
point, it is an extremely difficult material to handle
and understanding the rheological behavior is of
great importance.

This article discusses how the rheological behavior
of the PEM solution developed by Xiao et al.7 (hence-
forth called PBI/PA solution) was experimentally char-
acterized and presents several empirical rheological
models related to various compositions of the PBI/PA
solution. These PEM solutions exhibit significant
changes in rheological behavior depending upon chem-
ical composition.20 The empirical models, which predict
the viscosity of the PEM solution as a function of tem-
perature and shear strain rate, are developed by cou-
pling the Carreau-Yasuda Model and time–temperature
superposition, which is discussed in detail in the suc-
ceeding sections. For manufacturing purposes, charac-
terizing the solution’s rheological properties for varying
process conditions is essential, because the PBI/PA
membrane solution is not formulated for a specific sur-
face application technique, but rather for its operational
performance in a fuel cell stack. Also, knowing the
rheological behavior of the material will provide critical
data for the temperature and shear strain rate sensitiv-
ity of the fluid, so that the manufacturer can predict
the volumetric flow rate of the fluid, which directly
impacts the thickness and uniformity of the membrane.
In addition, the PEM solution must stabilize or recover
quickly after casting into a film to avoid undesirable
spreading or flow in unintended locations on a sub-
strate or other surrounding components.

CARREAU-YASUDA AND TIME–
TEMPERATURE SUPERPOSITION MODELS

For this work, the authors chose to use Carreau
Yasuda and time–temperature superposition models
to empirically describe the behavior of complex
polymer materials. Non-Newtonian behavior (i.e.,
temperature and shear strain rate dependency) can
be easily modeled by coupling these models. This is
important due to the sensitive nature of not only the
PBI/PA solution but also the manufacturing process.
As the PBI/PA solution flows through the manufac-
turing tool, it will be subjected to shear strain. In
addition, the PBI/PA solution has a strong depend-
ence on temperature. As such, an empirical viscosity
model as a function of shear strain rate and temper-

ature for each composition of the PBI/PA solution is
desired. The empirical models will be incorporated
into an overall system model, which describe the
flow behavior of the fluid at any point in a system,
allowing for real-time automation adjusts for a con-
tinuous processing system to ensure uniform film
deposition.
The Carreau-Yasuda model provides viscosity (g,

Pa s) as a function of shear strain rate ( _c, s�1) for a
specific temperature.22 Shear strain rate is also the
rate of change of velocity at which one layer of fluid
passes over an adjacent layer. The Carreau-Yasuda
model is expressed by the following relationship:

g� g1
g0 � g1

¼ 1þ _ckð Þa½ �n�1
a : (1)

The parameters used in this model including an
explanation of the effect that each parameter has on
the curve fit to the viscous materials rheological
behavior are discussed later.22

g–the viscosity of the fluid.
g1–the viscosity function approaches the constant

value g1 as _c increases.
g0–the viscosity function approaches g0 as _c

decreases.
a–this exponent affects the shape of the transition

region between the zero-shear-rate plateau and the
rapidly decreasing (power-law like) portion of the
viscosity versus shear rate curve. Increasing a
sharpens the transition.
k–the parameter is a time constant for the fluid.

The value of k determines the shear rate at which
the transition occurs from the zero-shear-rate plateau
to the power-law portion. It also governs the transi-
tion from power-law to g ¼ g1.
n–This factor is a power-law-like parameter that

describes the slope of the rapidly decreasing portion
of the g curve.
It is clear that a disadvantage of using this model

is that five parameters must be fit to a curve simul-
taneously; as such, the accuracy of the empirical so-
lution will depend upon the method used to curve
fit the numerical data. Figure 1 illustrates how n, a,

and k affect specific portions of the analytical g ver-
sus _c curve plotted on log–log axes.
For non-Newtonian fluids, the viscosity at infinity,

g1, occurs as the shear strain rate approaches infin-
ity and the viscosity approaches zero. Because g1 is
much less than g0, it is often neglected, as is the
case for this study. As such, setting g1 to zero, eq.
(1) reduces to the following form:

g
g0

¼ 1þ _ckð Þa½ �n�1
a : (2)

For many viscous fluids, the series of g versus _c
curves for various temperatures can be reduced
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down to a single ‘‘Master Curve’’ by applying a shift
factor aT. Specifically, for each individual tempera-
ture curve, the viscosity is divided by aT, and the
shear strain rate is multiplied by aT, thereby creating
a reduced viscosity versus reduced shear rate curve.
The reduced viscosity (gaT) versus reduced shear rate
(aT _c) data superimposed on each other can be curve
fit by a single ‘‘Master Curve.’’ The Master Curve is
basically a curve fit to all of the reduced g versus _c
curves. This technique is known as ‘‘Time–Tempera-
ture Superposition.’’23,24 The general concept is illus-
trated in Figure 2. All of the ‘‘shifted’’ curves will
ideally lie on the same Reference Curve, which is
valid for a membrane material of a particular chemi-
cal composition. If this is the case, then eq. (2) takes
on the following form:

g
aT

¼ g0 1þ aT _ckð Þa½ �n�1
a : (3)

The Arrhenius approach is used to solve for the
shift factor aT, shown in eq. (4). The Arrhenius form
is used due to its accuracy for predicting tempera-
ture dependence of the rate constant, which will be
substituted into the final empirical model. The rela-
tionship of aT to the inverse absolute temperature
(K�1) is shown in eq. (4). An exponential curve fit
yields an accurate equation relating aT to the abso-
lute temperature, and aT is obtained by trial and
error until each of the shifted curves fit to the Refer-
ence Curve:

aT ¼ c1e
c2
T (4)

where c1 and c2 are dimensionless constants. By sub-
stitution, an empirical viscosity model that is tem-

perature and shear rate dependent is developed,
yielding eq. (5), a complete viscosity model that is
temperature and shear strain rate dependent.

g ¼ g0c1e
c2
T 1þ c1e

c2
T _ck

� �ah in�1
a

: (5)

To develop the empirical Carreau-Yasuda models
for different PBI/PA membrane solutions, first, all
the temperature-dependent g versus _c curves are
superimposed, creating a Master Curve. Then, g0 is
estimated by the left-most horizontal part of the
Master Curve. Next, a curve is fit to the aT versus
the absolute temperature of the g versus _c curves to
establish a governing equation between aT and abso-
lute temperature T (in Kelvin), which is then substi-
tuted for aT. Finally, the Carreau-Yasuda equation
parameters are obtained by observation (i.e., g0), trial
and error, or a unique program (i.e., n, a, and k) and
are fit to the Master Curve. The initial guess for a is
typically two.25 To obtain an initial guess for n, a
power-law curve is fit to the Master Curve, where n is
the power-law exponent in the following expression
g ¼ k _cn�1, and k is the consistency index (Pa sn). n, a,
and k are finally substituted into the equation result-
ing in an empirical Carreau-Yasuda model.
As discussed in detail previously, the first step in

developing an empirical Carreau-Yasuda Model is
generating a ‘‘Master Curve’’ for the PBI/PA mem-
brane solutions, using the raw data. A program writ-
ten in Matlab Simulink 7.0.2 has been developed,
which automatically shifts each of these viscosity
curves, using a shift factor aT, to an arbitrarily cho-
sen g versus _c Reference Curve (e.g., g versus _c at
120�C), by using the fminsearch function. Other key
parameters (i.e., n, a, and k) are also determined,
using a code developed in Matlab Simulink. Because
of the number of parameters being fit some error

Figure 2 Schematic of a Master Curve.

Figure 1 Illustration of the effects of various parameters
in the Carreau-Yasuda model.
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will exist, especially as the viscosity approaches
zero; however, this method has been found to be a
good approximation for the models developed.

The remainder of this article describes the exp-
erimental setup and procedure for rheological charac-
terization of various PBI/PA membrane compositions
followed by an explanation of how the empirical
models, based on the Carreau-Yasuda model, are
developed.

EXPERIMENTAL

To characterize the behavior of the PBI/PA solution,
rheology experiments for the PBI/PA membrane so-
lution were conducted using a Rheometric Scientific
RDA III Mechanical Analyzer, shown in Figure 3.
The parallel plate configuration shown in Figure 4
was used to contain the solution during each experi-
ment. Because the viscosity of the material is higher

at lower temperatures, a small diameter upper plate
(25 mm) and larger diameter lower plate (40 mm),
which had a raised outer edge to form a cup, was
used. This plate geometry helps to prevent the
highly corrosive membrane solution from splattering
out radially onto the test equipment as the upper
plate rotates, especially as the fluid viscosity
decreases at higher temperatures. To characterize the
rheological behavior, the solution is tested by meas-
uring the absolute viscosity (g) versus shear rate ( _c)
of the PBI/PA membrane solution for possible cast-
ing temperatures in the range of 80 to 200�C.

Experimental procedure

The viscosity of the PBI/PA membrane solutions
was measured at various temperatures and shear
rates using the mechanical analyzer. The tempera-
ture was set initially at 80�C and a complete shear
rate sweep (i.e., 0.1–100 s�1) in increments of 5 data
points/decade was performed. This test was
repeated for other temperatures including 100, 120,
140, 160, 180, and 200�C, two or three times each.
Because of the limitations of the test equipment,
shear rates higher than 200 s�1 were not realizable.
Throughout the duration of the experiment, the
membrane solution was kept in a nitrogen atmos-
phere so that the sample did not prematurely hydro-
lyze due to exposure to moisture in the air.

Experimental characterization

The PBI/PA solution used in this study is synthe-
sized (manufactured) by BASF Fuel Cell GmbH and
used as received. Each nitrogen-purged 1 L bottle of
solution was stored in a sealed plastic container to
limit its exposure to varying environmental condi-
tions (e.g., humidity, temperature, etc.) prior to cast-
ing it into a membrane. It is important to note that a
critical assumption is the solution is homogeneously
mixed.

Figure 3 Rheometric Scientific RDA III Mechanical
Analyzer.

Figure 4 (a) Picture of mechanical analyzer plate fixtures with parallel plates installed and a (b) schematic of a cross-sec-
tional view for the parallel plates.
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The inherent viscosity (IV) of each PBI/PA com-
position was predetermined by the manufacturer to
be 4.0, 4.75, 5.0, 5.3, and 5.4 dL/g, which is inherent
to the synthesis process. The IV (gIV) is the ratio of
relative viscosity � the ratio of the solution viscosity
g to the solvent’s viscosity, which in this case is
PPA � to the mass concentration of the polymer
expressed as

gIV ¼ ln grelative

C
¼

ln tsolution
tsolvent

� �

C
(7)

where grelative is the relative viscosity, C is the poly-
mer solution concentration in g/dL, tsolution is the
average solution flow time in seconds, and tsolvent is
the average solvent flow time.26 For the author’s
purposes, the value for a particular membrane IV is
used to refer to different membrane solutions
throughout the remainder of this article, and in such
cases, the units will be omitted (e.g., IV 4.75).

EXPERIMENTAL RESULTS: VISCOSITY
VERSUS SHEAR STRAIN RATE CURVES

The viscosity versus shear strain rate curves for each
of the PBI/PA membrane solution compositions are
presented in this section based on data using the ex-
perimental setup previously described. For each
PBI/PA composition, a shear strain rate sweep from
0.01 to 100 s�1 was conducted for a temperature
range for 80–200�C, and the corresponding viscosity
data plotted on log–log axes is shown on a typical
graph in Figure 5. Each set of data curves will be
used to develop the corresponding empirical viscos-
ity model as a function of shear strain rate and tem-
perature, based on the Carreau-Yasuda model and
time–temperature superposition.

All five of the different PBI/PA membrane solu-
tions that were tested exhibit non-Newtonian fluid
behavior. In addition, as shear strain rate approaches

zero, the viscosity appears to reach a steady condi-
tion, so the viscosity at zero shear (g0) can be rea-
sonably assumed. Because the behavior of the PBI/
PA membrane solution could not be easily character-
ized at very high shear rates, it is assumed that at
sufficiently high shear strain rates the viscosity will
be approach zero.

Analysis of membrane solution using
Carreau-Yasuda’s Model

Using the experimental data shown in Figure 5, an
empirical model is developed for each membrane
composition. First, the experimental data is shifted
to a Reference Curve, i.e., 120�C, as shown in a typi-
cal graph in Figure 6 as thin solid lines. Then, a
Master Curve is fit to the shifted curves, thereby
providing a final empirical curve fit shown as a
heavy solid line on Figure 6. The corresponding n, a,
and k parameters (Carreau-Yasuda model) for each
PBI/PA membrane solution, in addition to the shift
factor aT are included in Table I. Plotting aT with
respect to inverse absolute temperature (K�1), as
shown in Figure 7, and fitting a curve to the results
is an important step in developing the empirical vis-
cosity model for each solution. The curve-fit equa-
tion, for aT, is then substituted into eq. (5), thereby
providing a direct correlation with temperature. The
corresponding aT equation for each of the PBI/PA
membrane solutions is shown in Table II.

Validation of empirical Carreau Yasuda models

A complete empirical viscosity model of the system
as a function of temperature and shear rate, i.e.,

Figure 5 Experimental data for PBI/PA solution of IV 4.0
at 120�C.

Figure 6 Carreau-Yasuda viscosity Master Curve and
empirical curve for IV 4.0 at 120�C. [Color figure can be
viewed in the online issue, which is available at
www.interscience.wiley.com.]

1290 A. L. HARRIS AND WALCZYK

Journal of Applied Polymer Science DOI 10.1002/app



g ¼ f _c;Tð Þ, is developed by substituting the parame-
ter values from Table I and the aT curve-fit equations
in Table II into eq. (5). The zero-viscosity (g0) term
is a constant that corresponds to the viscosity at
very low shear rates, which is obtained while fitting
the empirical curve to the Master Curve. The viscos-
ity at infinity is assumed to be zero. The empirical
models for each PBI/PA membrane solution are
shown in Table III, where TK is the absolute
temperature.

To validate the accuracy of the empirical models,
the model developed for IV 4.0 is evaluated at TK ¼
160�C ¼ 434�K and _c ¼ 0.1 s�1, and compared with
the experimental data, presented in Figure 5. It is
found that there is only 3.5% difference between the
analytical solution (g ¼ 208 Pa s) and the experi-
mental value (g ¼ 215.5 Pa s).

CONCLUSIONS

Several experiments are conducted to characterize
the rheological properties for several PBI/PA mem-

brane solution compositions, particularly viscosity.
The Carreau-Yasuda and Time–Temperature Super-
position models are used to develop empirical mod-
els for various compositions of the membrane
solution, which directly correlates absolute viscosity,
shear rate, and absolute temperature. The empirical
models are useful for predicting the viscosity at any
point in a system as a function of shear strain rate
and temperature. Further studies are required to
understand the ease and usefulness of using the em-
pirical viscosity models to capture the flow behavior
of the solution in real time.
From experimental data, it has been shown that

the PBI/PA solution is non-Newtonian. Because the
PBI/PA solution is non-Newtonian, it is important
to maintain the processing temperature to negate
undesired fluctuations in viscosity. It has also been
shown that small changes in IV significantly affect
the membrane solution’s viscosity resulting in one
or two orders of magnitude difference, for a given
temperature. In general for the PBI/PA solution, it
has been shown that higher the IV higher is the
apparent viscosity, hence the PBI/PA solution’s
rheological behavior is highly dependent on a mem-
brane solution’s IV, for which additional research is
needed. This study has shown that the difference in
apparent viscosity between membrane solution with
an IV of 4.0 and 5.4 is � 3000 Pa s at 80�C at a shear
strain rate of 0.1 s�1.

Figure 7 Curve fit of aTi values for all five PBI/PA solu-
tions as a function of inverse absolute temperature (i.e., 1/K).

TABLE II
Curve-Fit Equations for aT for Various PBI/PA

Membrane Solutions Shifted to 120�C

PBI/PA
solution IV aT Equation

Goodness of
curve fit ratio (%)

4 1 � 10�5 � e4.495/T 96.40
4.75 8 � 10�6 � e4.63/T 99.60
5 2 � 10�5 � e4.46/T 93.20
5.3 2 � 10�5 � e4.271/T 98.80
5.4 3 � 10�5 � e4.215/T 92.60

TABLE I
Data for the Empirical Viscosity Curves of All Five PBI/
PA Solutions That is Shifted to 120�C Including aTi,
Where i 5 1 to 7 of Corresponds to the Temperatures

from 80–200�C in Increments of 20�C

IV 4.0 IV 4.75 IV 5.0 IV 5.3 IV 5.4

a 0.442 0.7373 0.5211 0.2789 0.553
k 0.4155 0.546 1.2105 0.0068 4.433
n 0.3136 0.4241 0.3492 �0.5458 0.3621
aT1 7.5 4.5 9 4.75 8.5
aT2 2.25 1.95 2 1.8 2
aT3 1 1 1 1 1
aT4 0.75 0.56 0.75 0.625 0.85
aT5 0.55 0.35 0.54 0.4 0.57
aT6 0.35 0.225 0.37 0.28 0.4
aT7 0.2 0.16 0.26 0.2 0.3

TABLE III
Empirical Viscosity Models for Various PBI/PA

Membrane Solution Compositions

IV Empirical viscosity models (g)

4.0 g ¼ 800� ð1� 100�5 � eð4:495�1000=TKÞÞ
ð1þ ð0:416� 1� 10�5 � eð4:495�1000=TKÞÞ _cÞ0:442Þð0:314�1Þ=0:442

4.75 g ¼ 375� ð8� 10�6 � eð4:630�1000=TKÞÞ
ð1þ ð0:546� 8� 10�6 � eð4:630�1000=TKÞÞ _cÞ0:737Þð0:424�1Þ=0:737

5.0 g ¼ 1200� ð2� 10�5 � eð4:460�1000=TKÞÞ
ð1þ ð1:211� 2� 10�5 � eð4:460�1000=TKÞÞ _cÞ0:521Þð0:349�1Þ=0:521

5.3 g ¼ 1400� ð2� 10�5 � eð4:271�1000=TKÞÞ
ð1þ ð0:007� 2� 10�5 � eð4:271�1000=TKÞÞ _cÞ0:279Þð0:546�1Þ=0:279

5.4 g ¼ 2700� ð3� 10�5 � eð4:215�1000=TKÞÞ
ð1þ ð4:433� 3� 10�5 � eð4:215�1000=TKÞÞ _cÞ0:553Þð0:362�1Þ=0:533
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